Departure of molecular variation from neutral equilibrium was studied in a highly recombining region of the Drosophila genome. A 2.2-kb region including the Fbp2 locus was sequenced for 10 chromosomes from a D. melanogaster sample from West Africa and for the related species D. simulans. Of the 33 variable sites present in the 1.3-kb transcription unit, 32 made up a single haplotype present in half of the D. melanogaster sample. This pattern significantly departed from predictions of the neutral drift-mutation equilibrium model. The major haplotype presented a diagnostic restriction site which was investigated in 226 chromosomes from three distant European and African populations. It was found at a high frequency (31%) in the population from which the sequenced sample originated, but was nearly absent from the other two (below 4%), suggesting that the major haplotype frequency resulted from a local selective sweep event. Partial sweeping of variation in regions of high recombination rates has previously been found for American and European populations of D. melanogaster. Our study shows that this phenomenon also occurs in African populations, which are in the ancestral range of this species.
Introduction
The neutral model of molecular evolution (Kimura 1983 ) plays a central role in the study of evolution, since it predicts the theoretical distribution of polymorphisms if all variation is neutral and at a mutation-drift equilibrium. Three types of factors can contradict these predictions: the demographic history of populations, positive (Darwinian) selection, and deleterious mutations. Selection models predict that directional Darwinian selection results in the sweeping of neutral variation around selected loci (Maynard-Smith and Haigh 1974; Aquadro 1992; Begun and Aquadro 1992; Stephan, Wiehe, and Lenz 1992; Hudson 1994) . The lower the recombination rate, the larger the effects of a selective sweep. In agreement with this, lowered levels of polymorphism have been observed in the telomeric and centromeric regions of Drosophila chromosomal arms (Begun and Aquadro 1991, 1995; Stephan and Mitchell 1992; Langley et al. 1993; Aguadé et al. 1994; Simmons et al. 1994; Walthour and Schaeffer 1994) , and in the tiny chromosome 4 of D. melanogaster (Berry, Ajioka, and Kreitman 1993) . These regions are uniformly devoid of variation, making it impossible to identify the loci that have been subject to selection or to estimate their number. This explanation is challenged by the background selection hypothesis (Charlesworth, Morgan, and Charlesworth 1993) , which predicts a decline in molecular diversity as a result of the continuous elimination of chromosomes by recurrent deleterious mutations. This model can be evaluated by realistic applications using available estimates of recombination rates and of deleterious mutation rates. It is in agreement with the relationship recorded between variation levels and recombination rates in the genome (Hudson and Kaplan 1995; Hamblin and Aquadro 1996) . Since the existence of deleterious mutations is universally accepted, they provide a parsimonious model which at least partially explains reductions of variation in low-recombining regions.
A way to study Darwinian selection is to examine selective sweeps in highly recombining regions. Under such conditions, the effect of a selective sweep will be limited to a small region surrounding the affected locus, whereas the background selection model for highly recombining regions predicts a uniform decrease in variation that should be limited to 33% in D. melanogaster according to Hudson and Kaplan (1995) . Moreover, if such events have occurred in definite populations, a locus may remain variable in one population and be monomorphic in another (Stephan and Mitchell 1992) .
This study reports a significant departure from neutral equilibrium for the Fbp2 locus in a West African natural population of D. melanogaster. Additional information from restriction polymorphism was also obtained for a large sample of chromosomes from a geographically structured sample of populations that had been previously shown to be divergent (Bénassi et al. 1993; Bénassi and Veuille 1995; Michalakis and Veuille 1996) . Results suggest that a frequency shift has occurred in only one of these populations as a result of Darwinian selection.
Materials and Methods

Chromosome Sample
We used a sample of isogenic second chromosomes from natural populations in Europe (France, N ϭ 80), the Ivory Coast (Lamto, N ϭ 95), and Malawi (N ϭ 51). The chromosomes were extracted from freshly collected individuals as previously described (Bénassi et al. 1993; Bénassi and Veuille 1995) . A restriction site analysis was carried out on these 226 lines. Ten randomly drawn Ivory Coast lines were used for sequencing. Sequencing for D. simulans was carried out for a single male from a strain bearing multiple recessive chromosome 2 markers, provided by Jerry Coyne. DNA Amplification, Cloning, and Sequencing A 1,982-bp sequence overlapping the Fbp2 coding region was PCR-amplified (Saiki et al. 1988) in D. simulans and D. melanogaster using formerly described primers (Bénassi et al. 1993 Three clones were sequenced and checked for similarity. The three clones yielded the same sequence. Drosophila melanogaster amplified DNA was sequenced directly using the Amersham PCR-Sequenase kit. Sequencing was carried out in both directions using independently obtained amplification products. Amplified DNA from these strains was also cloned and sequenced end to end from plasmids in order to resolve compressions. Sequences were checked for similarity with four-cutter restriction maps formerly obtained from the same clones using independent genomic DNA preparation (Bénassi et al. 1993) . The sequences are available from the GenBank database under accession numbers AF045786-AF045796.
Restriction Site Analysis
Restriction site mapping for the Ivory Coast sample has already been published (Bénassi et al. 1993 ) for a set of 10 restriction enzymes. We extended this survey to the Malawi and French samples using the same experimental conditions, except that restriction fragments were stained using ethidium bromide instead of being radioactively labeled. Restriction enzymes AluI, BanI, DdeI, PstI, HaeIII, HhaI, MspI, Sau3AI, Sau95I , and TaqI were used. In the previous survey, polymorphic sites had been numbered according to their positions on the amplified fragment. Since the present fragment is different, numbering was with respect to the start codon.
Selective Neutrality Tests
Sequences were visually aligned with no ambiguity. The effective numbers of synonymous and nonsynonymous positions were estimated according to Li (1993) . Departure from neutrality was tested using the HKA test (Hudson, Kreitman, and Aguadé 1987) , Tajima's (1989) D-test, McDonald and test, and Fu and Li's (1993) test. We also used the ''haplotype test'' (Kirby and Stephan 1995) , first developed by Hudson et al. (1994) . This test is designed to examine whether or not the association of polymorphisms in some haplotypes is random. It is based on a coalescent simulation approach. It estimates the probability P of finding a subset of at least i sequences out of n, differing by at most j polymorphic sites out of m. All P values were estimated from 1,000 simulated coalescent simulations in which mutation events were randomly distributed over branches. We used a model with recombination as proposed by Hudson (1983) . The recombination rate used for the test was estimated from the variance in pairwise differences (Hudson 1987) . The neutral mutation rate differs along the sequenced region, since the level of constraints may vary between coding and noncoding regions. A uniform mutation rate would have biased the test. Therefore, the positions of polymorphic sites were fixed at observed positions.
Regions departing from neutral equilibrium were identified using the sliding-window approach designed by Kirby and Stephan (1995, 1996) . For all possible values of m (the window size, as expressed in number of polymorphic sites) and all possible positions of each window, we computed the P value of each subset, as defined by its i and j parameters. Multiple testing was corrected according to Kirby and Stephan (1995) from a null distribution of P values. This null distribution was obtained from 1,000 genealogies created from a random data set using the same parameters (S polymorphic sites, sample size n, and recombination rate N e r) by running the same haplotype test. The smallest P values obtained from each of the 1,000 simulations were pooled, thus providing an expected distribution of minimum values under the null hypothesis. This distribution was used to infer the probability of each P value departing from neutrality. The haplotype test was used under two conditions for the j parameter: j Յ 1, and j taking all values between 0 and n Ϫ 1.
Results
Divergence Between D. simulans and D. melanogaster
The Fbp2 gene showed an intron of 60 bp in D. simulans and an intron of 59 bp in D. melanogaster. It encoded a 256-amino-acid protein in both species. Drosophila simulans differed by 6 indels (of between 1 and 5 bp) in the 5Ј-flanking region and by 12 indels (of between 1 and 9 bp) in the 3Ј-flanking region. One indel was located within the coding region, near the 3Ј end of the intron. As will be seen below, it was polymorphic in D. melanogaster. Seventy-four substitutions were found among 1,847 aligned nucleotides, 17 of them occurring among the 768 amino-acid-coding nucleotides. The similarity between the exons of the two species was 97.2% (average similarity with the 10 D. melanogaster sequences). The synonymous substitution rate of 0. Four amino acid changes were found between the reference sequences of the two species. Two of them were conservative (lysine-arginine and glutamic acidaspartic acid). The third was between hydrophilic amino acids (glutamine-histidine). The fourth was an exchange between a threonine (D. melanogaster) and a methionine (D. simulans).
Sequence Polymorphism in D. melanogaster
An alignment of the 10 sequences is shown in figure 1. Nine indels of between 1 and 5 nt were polymorphic in the flanking regions. A 1-nt deletion was found in the introns of five sequences. It will be referred to below as ''DdeI 456,'' after its position and the restriction site polymorphism it determines. The deleted state is probably ancestral, since it matches the D. simulans sequence.
Sixty-five polymorphic nucleotide substitutions were found, including 60 silent and 5 replacement changes. Estimates of polymorphism ( ϭ 0.011, ϭ 0.014), are comparable to values obtained for other genes from recombining regions Charlesworth, Charlesworth, and Morgan 1995) .
Four amino acid replacements were unique. The rare allele was the most recent in all cases, since the major allele matched the D. simulans sequence. None of the replacements was strictly conservative (glutamine-lysine, alanine-serine, tyrosine-histidine, arginineserine). The rare allele of the fifth amino acid replacement was found twice. It was conservative (glutamic acid-aspartic acid). It was probably the oldest allele, since it matched the D. simulans sequence.
Some sequences showed noticeable similarity over part of their length. Haplotypes L5 and L27 differed by only one change. Haplotypes L3, L19, and L36 differed by one to five changes. These five sequences were almost identical in the coding region, where they differed by only one change. The region covered (Ϫ348, ϩ957) matches the Fbp2 transcription unit, which lies between an unidentified promoter upstream of the CAAT-box (Ϫ170) and the polyadenylation signal (ϩ895). These five similar sequences will be referred to hereafter as the ''major haplotype.'' Of the other five sequences, haplotypes L21 and L126 differed at only 6 nt, and the other three sequences were very different. These five sequences were identical between themselves over the 5Ј-most 293 nt of the sequenced fragment, spanning 17 nucleotide polymorphisms and seven indel polymorphisms.
Recombination Rate
The Fbp2 locus is located in a highly recombining region of the D. melanogaster genome, in the middle of the left arm of chromosome 2. It lies in division 30, for which Michalakis and Veuille (1996) found a coefficent of exchange (CE) of 6.0, which is among the highest in this species. The recombination rate, as estimated after Hudson (1987) , was N e r ϭ 5.9 ϫ 10 Ϫ3 (where N e is the effective population size and r is the recombination rate per nucleotide). A minimum number of 10 recombination events were detected in the sample (intervals Hudson et al. (1994) , the estimate of N e r obtained from population data is underestimated for loci having undergone a partial selective sweep. The use of this estimate in the haplotype test is therefore conservative.
Haplotype Test
The haplotype test parameters were set to detect a significant association of sequences differing by at most 1 nt, and the test was applied to the whole data set using a sliding window of variable size ( fig. 2 ). All windows of size m Ͼ 27 lying between positions 22 and 53 in- clusively gave significant deviation from neutrality (lowest P value after correction: P Ͻ 0.012). Significance was therefore observed in the 15 possible tests using a window size of between 28 and 32 nt centered on the coding region. This indicated significant deviation from a neutral mutation-drift equilibrium model over the sequence interval corresponding to the region covered by the major haplotype (polymorphic sites Ϫ329 through ϩ870). Using a model with random positions of polymorphic sites did not substantially change the results. The haplotype test was also run for sequences differing by a nonfixed number of polymorphic sites (0 Յ j Յ n Ϫ 1). It was also significant in the abovedefined interval (P Ͻ 0.05).
Tests of Selective Neutrality on Nucleotides
No significant departure from selective neutrality was found for the whole region using either Tajima (Hudson, Kreitman, and Aguadé 1987) using the 5Ј-flanking region of Adh as a reference locus (Kreitman and Hudson 1991) , and D. simulans to estimate divergence, was nonsignificant ( 2 ϭ 0.78, df ϭ 1, NS). McDonald and Kreitman's (1991) test was also nonsignificant, thus showing that relative levels of polymorphism in synonymous and nonsynonymous substitutions did not significantly depart from their relative rate of divergence between D. simulans and D. melanogaster.
The same tests were used for the region identified by the sliding window in interval [Ϫ329, ϩ870]. They were again nonsignificant (Tajima's D ϭ 0.69; Fu and Li' 
Restriction Site Variation Between Populations
The haplotype test suggested that a partial sweeping of variation had occurred in the interval [Ϫ329, ϩ870] covering the coding region. We used restriction site polymorphism in order to extend observations to a larger number of chromosomes and to other populations. A link between sequence polymorphism and restriction site polymorphism was provided by the DdeI 456 polymorphism. This polymorphism was in significant linkage disequilibrium with several polymorphisms from the characterized interval. In our sample of sequences, it was diagnostic of the major haplotype. A restriction site survey similar to that previously conducted on flies from the Ivory Coast (Bénassi et al. 1993 ) was carried out for Malawi and France for the [Ϫ329, ϩ870] interval. Results are shown in the appendix. This interval showed 16 polymorphic restriction sites for the whole chromosome sample (including the 5 polymorphic restriction sites found in the 10 sequences). The frequency of the DdeI 456 deletion in the Ivory Coast (0.29 Ϯ 0.05) was significantly higher than that for Malawi and France (Fisher's exact test, P Ͻ 10 Ϫ5 ), where between one and two chromosomes only showed this variant. Twenty-six of the 32 occurrences of this variant involved only one haplotype (H3). This was in contrast to the other highfrequency haplotypes (H1, H2), which were present in the three populations.
Discussion
In this study, we have shown that a region covering the complete transcription unit of the Fbp2 gene significantly departed from predictions of the neutral mutation-drift equilibrium model in a D. melanogaster population from the Ivory Coast. A haplotype test using a sliding window of variable size delineated a 1,200-bp interval comprising 33 single-site polymorphisms. In this region, 5 sequences out of 10 showed a single major haplotype with only 1 nt difference. This suggested that a selective sweep had occurred at this locus in the ancestry of this population. The ability of this hypothesis to resist falsification was checked using a restriction site survey in two other Old World populations. A polymorphic site linked to the Ivory Coast major haplotype was at a high frequency only in the Ivory Coast.
The haplotype test has previously been used to detect three other cases of partial sweeping of variation. At Sod, Hudson et al. (1994) examined 41 sequences, including a ''constructed random sample'' of 25 sequences from Spain and California. The latter showed 11 haplotypes, including a high-frequency allelic class composed of two haplotypes differing by a single change, ''fast A'' and ''slow.'' At white, Kirby and Stephan (1995) sequenced 15 lines from Maryland, following Miyashita and Langley's (1988) observation that extensive linkage disequilibrium occurred in this gene. They isolated a 834-bp fragment nested within 4,722 bp of sequence that significantly deviated from neutrality.
Eight of the 15 sequences were identical for this fragment. At Acp70A, Cirera and Aguadé (1997) sequenced a 1.2-kb fragment for nine chromosomes from a Spanish population and found a partial sweeping of variation involving nine lines of over 300 bp, which proved significant in a haplotype test when using the recombination rate calculated from the data. These observations raise two questions: what is the cause of these sweepings of variation and why are they incomplete?
For the FBP2 protein, previous studies had shown evidence of selection for the accumulation of methionine at a rate of about one change every 2 Myr over 100 Myr (Rat, Veuille, and Lepesant 1991; Meghlaoui and Veuille 1997) . The initial purpose of this study was to check the possibility of selection on methionine in D. melanogaster populations. No segregating methionine was found in FBP2. The synonymous substitution rate is much higher than the replacement rate (24.7:1), indicating strong purifying selection. All amino acid polymorphisms except one occur in single sequences among minor alleles. The last one is a strictly conservative change (glutamic acid-aspartic acid). No amino acid is characteristic of the major haplotype.
Selection on silent sites must also be considered. Of six diagnostic substitutions in the major haplotype, two are recent, as deduced from interspecific comparisons. They correspond to a synonymous G-A change and a G-T change in the intron. The DdeI 456 polymorphism is unlikely to be a target of selection, since its state in the major haplotype is ancestral according to interspecific comparisons. Thus, there is no apparent functional explanation of the Fbp2 polymorphism.
Several hypotheses have been put forward to explain partial sweepings of variation, including ongoing selective sweeps, selection at a remote locus, balanced selection, and population admixtures. The sweeping effect of the fixation of an advantageous allele is probably too rapid for transient hitchhiking to be involved. Kirby and Stephan (1996) have put forward the ''traffic'' hypothesis, which suggests that the fixation of a favored allele at a given site is counteracted by a similar process at another site. The fixation process would pause until the favorable alleles at each site are recombined into a single haplotype. This hypothesis can be extended to loci selected in different populations and put together by gene flow. This hypothesis could apply to Fbp2, since the five sequences which are similar over 32 nt of the coding region (the major haplotype) appear to be balanced by the other five sequences, which are similar over 17 nt of the 5Ј-flanking region. This group of sequences was significant in a haplotype test isolating this part of the sequence (P Ͻ 0.05) but was not detected using the sliding-window procedure. Alternatively, partial sweeping can result from fixation at a partially linked locus. Heterogeneity for nonneutrality in the studied region would reflect the stochasticity of recombination along the sequence.
The present study does not allow us to choose between the aforementioned hypotheses, but does enable us to exclude two other possibilities. Former studies on Sod, w, and Acp70A were carried out on European and American populations, which are generally thought to be recently derived D. melanogaster populations, while African populations are ancestral (Lachaise et al. 1988) . Two explanations suggested by these observations were that the derived populations were recent admixtures of older populations and that these new populations had undergone a recent burst of selection. These possibilities are contradicted by our study, which shows that the same phenomenon occurs in Africa. We also show that the major haplotype from West Africa does not occur at a high frequency in Europe or in East Africa. This finding does not in itself provide an explanation for the sweeping of variation found in Fbp2. However, it extends the generality of a phenomenon previously found in recently established populations. It shows that the deviations from the neutral mutation-drift equilibrium that are found in high-recombination-rate regions of the D. melanogaster genome occur naturally in populations from the ancestral range of this species. 1  10  4  1  2  2  2  1   H1  H2  H4  H6  H7  H8  H9  M1  M2  M3  M4  M5  M6  M7 
